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The purpose of this report was to provide a thorough description of the design process with 
the goal of converging on a design solution for an aircraft that can perform multiple data 
acquisition routines on Saturn’s Titan. This aircraft serves as an improved alternative to current 
aircraft designed for Saturn’s moon Titan; namely, the Dragonfly that requires an onboard multi-
mission thermoelectric generator for power and eight rotors. The proposed design utilizes a 
wireless recharging method to allow for the MMRTG to be offboarded to save on weight and a 
fixed wing is included to improve the efficiency and redundancy over helicopter forward flight.  
Humanity has continued to explore the solar system and from that new unique vehicles will be 
needed to allow for research operations to be carried out in environments that are hostile to humans 
– where autonomous and/or semiautonomous systems would be useful.  
The design process begins by covering the project synopsis in which the overview of the project 
is made. Literature review of the Titan environment was conducted that detailed the extremely 
cold environment of Titan and low gravity high density flight environment. Furthermore, the 
overall project approach is defined containing the design requirements that were chosen based on 
pressures from fairing size and historical data from the Cassini-Huygens mission. The mission 
profile is also defined with the goal of a 75-minute flight including time for sustained loiter for 
surveying. The project schedule was followed closely with the only delay occurring due to the 
SARS-COV2-2019 pandemic. 
The material selection was made in which the main material used was aluminum 7075-T6. It was 
selected because of its low density and increased strength at low temperatures. An aerogel 
composite insulation was also selected that will slow the heat loss from the inside of the fuselage. 
The overall CAD was created and from which the sizing was performed resulting in a total weight 
of 168.65 kg. Analysis of the design resulted in battery requirements of between 20 – 36 batteries 
depending on the configuration used. A heat loss of 62 watts was determined and a thrust check 
for hover at a rotor radius of 0.3 meters allows for sustained flight between a hundred to six 
hundred radians per second. The finite element analysis performed utilized the change in material 
properties due to temperature changes which resulted in acceptable factors of safety. 
Computational fluid dynamics analysis saw convergence for the goal parameters of the studies. 
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Chapter 1: Project Synopsis 
1.1 Introduction 
With past explorations by NASA to other parts of the solar system, Titan’s emerged as a 
subject for investigation considering its characteristics and its resemblance to earth in some 
respects; however, many facts about Titan were not explored in detail. This project will investigate 
a detailed design of a fixed wing hybrid Unmanned Aircraft System (UAS). The UAS should meet 
a set of requirements to prove its functionality and be within the constrains for research purposes. 
The goal of said UAS is to explore, research, map, and investigate the surface and atmosphere of 
Titan as well as other details that it may hide.   
1.2 Overview 
Titan is an incredible moon to design for with a lot of research opportunities because of its 
resemblance to earth. In fact, some of those similarities suggest that it could have life forms but in 
different conditions. This report will introduce the new idea of designing a fixed-wing UAS for 
science acquisition purposes on Saturn’s biggest moon. Included with this report is a design plan, 
requirements, a general overview, and technical details that the team will be working on. 
1.3 Objective 
The objective of this project was to provide a UAS system that is a capable alternative and 
a specialized design for use in the Titan environment. From that a suite of data acquisition 
instrumentation for science and surface mapping would be hosted within the system. The UAS 
will operate over an extended mission period to allow for continued use in the Titan environment. 
1.4 Justification 
There is a lack of science data that’s been collected from Titan. Because of Titan’s 
interesting features a renewed and popular interest by the science community is being made. With 
the possibility of life existing on the planet in its subterranean ocean, Titan offers a unique 
opportunity that we may not find anywhere else in the solar system. Titan is the only in the solar 
system that has a significant atmosphere and there is wealth of research opportunities to be 
realized. For those reasons Titan should be further explored with continued mission support to 
further planetary science knowledge. Furthermore, in creating something that’s never been 
designed before, there is a justification in pushing the envelope to further human knowledge. 
1.5 Project Background 
In researching comparable examples to our proposed mission objective, we discovered that only 
two aircraft are currently planned to operate on other planetary bodies. Furthermore, no aircraft 
have been flown on another moon or planet in the solar system. Although it hasn’t been done, it is 
possible with current technology – demonstrated by tests that NASA has performed. The mission 
on the forefront of being the first aircraft to operate on another planetary body is NASA’s Mars 
2020 helicopter named the SCOUT. The SCOUT helicopter is a tandem rotor helicopter that will 
be able to travel the surface of Mars significantly faster than the Perseverance rover (NASA-JPL) 
- rovers are notorious for being slow vehicles as shown by the Curiosity rover that only travels at 
1.5 inches per second. The Martian atmosphere is extremely thin; therefore, the Scout is extremely 
light weight. The Scout aircraft does not use a Multi-Mission-Radioisotope-Thermoelectric 




Figure 1: Scout Helicopter Concept (NASA JPL) 
 
Figure 2: Dragonfly Prototype (NASA & John Hopkins) 
The second aircraft is the Dragonfly which is destined to operate in Titan’s atmosphere as a double 
quadcopter. Powered by batteries and an MMRTG, the Dragonfly will be able to operate for a 
significant amount of time. On Titan an MMRTG is required because of a lack of solar power 









Figure 3: Perseverance Rover (NASA JPL) 
Furthermore, Figure 3 shows the current design rovers that NASA will use for interplanetary 
exploration but up until now, no entirely aerial bodies were planned as design. Helicopters as 
aircraft for other planetary bodies are convenient because they allow for landings without the need 
for a runway and is a simpler type of landing to perform semi-autonomously. Unless further 
infrastructure is built, or machine vision and decision making is improved and natural landing 
runways identified, it is unlikely that typical fixed wing landings will be designed for. 
 
Figure 4: Inductive Charging Coils (Laird-Signal Integrity Products) 
Wireless charging is typically known in relation to smartphones. The technical name of wireless 
charging is inductive charging as the phenomenon is cause by a magnetic field inducing a current 
in the opposite coil. Figure 4 shows a basic design of a inductive charger. Not only is inductive 
charging used in earth-based applications, the technology has now been further studied in use for 
space-based applications. For semi-autonomous vehicles recharging is difficult because typically 
you’d need to attach a cable manually. With wireless charging, no “plugging in” is required only 
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contact between the two surfaces; therefore, wireless charging was investigated as a potential way 
to remove the MMRTG. 
 
Figure 5: MMRTG Diagram (NASA & U.S. Department of Energy n.d.) 
MMRTGs are typically used to power rovers and one is planned to be used on the Dragonfly. Its 
design, as shown in Figure 5, is simple and is often used for such kind of missions. MMRTGs 
provide a sustained amount of power over long periods of time and provide heat to onboard 
electronics. Although MMRTGs provide sustained power, batteries are still required for energy 
storage. In the case of the Dragonfly, since helicopters require more power than fixed wing aircraft, 
many batteries are needed and significant recharge times of over eight earth days is required (the 
duration of time that Titan is in complete darkness).   
1.6 Project Statement 
How would a research aircraft on Titan be designed, what would an optimal design converge to 
by using an aircraft design process, how could improvements be made over current designs, and 




Chapter 2: Literature Review 
2.1 Titan’s Atmospheric Behavior 
Reference (Horst 2017) describes the Titan atmosphere in detail. Titan is the only other 
planetary body in the solar system that has a substantial diatomic nitrogen atmosphere other than 
Earth. Unlike Earth, Titan’s remaining significant atmospheric composition is made up of methane 
(5.65%) which can be found in substantial amounts within the atmosphere and in lakes and seas 
on Titans surface – this is because methane on titan is near the compounds triple point. Because 
of Titan’s distance from the sun the surface temperature of the moon is 94K (-179C). Also, because 
of its distance from the sun, the amount of solar radiation is significantly less than from Earth. 
Furthermore, Titan’s haze layer prevents even more radiation from reaching the surface and 
therefore rendering solar power useless most cases. 
Sunlight is a source of solar energy, but unfortunately it is limited. Earth receives about 
1400 J/m2*s of sunlight from the edges of its atmosphere, while Titan, due to its distance, receives 
14 J/m2*s. When converting these energy levels into the amount of energy to be practically used, 
Titan would only be able to power an area of Earth as large as California for an entire year from 
purely solar power. In conjunction of the energy levels, the frequency of receiving sunlight is 
calculated to be exposed to a third of each day. With this available energy, solar energy can be 
used to transform acetylene from methane, a popular resource found on Titan, using the pyrolysis 
process (Hendrix and Yung 2017).   
The space environment constitutes extreme temperature variations. Far from the Sun, 
temperatures begin to approach absolute zero which has detrimental effects on electronics and 
materials that are sensitive to cryogenic temperatures. To solve this issue NASA has been using 
RHUs (Radioisotope Heater Units) to keep sensitive components in an operable temperature range. 
RHUs function without electronics by the radioactive decay of plutonium. This decay process lasts 
for decades and therefore allows for extended mission times on the order of years (Norman 2011). 
2.2 Power Storage and Supply 
The Radioisotope Thermoelectric Generators (RTGs) are popular devices used heavily for 
space-bound objects to remotely charge the machines and structures in inconvenient environments. 
This device gathers its electrical energy by converting its dissipated heat with assistance of 
thermocouples into energy source to power to space device. There have been more than thousands 
of RTGs produced, but only less than 50 pass the characteristics test to be a reliable and efficient 
final product. Though all samples perform their intended job, one must productively create high 
energy radiation, produce radiation decay, have an extended half-lifespan for show durability, and 
the ability to store a large quantity of heat by having a high heat density ratio. RTGs there first 
usage on Earth within abandoned Russian lighthouses and within arctic facilities, but later its 
popularity grew with NASA’s Mars rover to provide additional energy along with solar energy. 
Despite the safety hazard of radiation and potential Pu-238 depletion, RTG usage will increase 
soon to last longer and provide greater distance space exploration (Jiang 2013). 
A popular power source during space travel are devices known as Multi-Mission 
Radioisotope Thermoelectric Generators (MMRTGs). These devices produce electrical power 
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from the heat radiated from the lander or drone sending signals back and forth from Earth. 
Throughout the years, an upgraded version of the MMRTG to the Enhanced MMRTG (eMMRTG) 
was engineered to ultimately become more durable and efficient. eMMRTG has performed to 
require over 50% less power input for equal power output of 2000Wth and sustainable equal 
execution under extreme temperatures of 600 degrees Celsius. Due to Titan’s extreme cold 
temperatures, durability is important, therefore both the batteries are capable to last up to 
approximately 17 years of operation without failure (Zakrajsek, Woernor and Johnson n.d.). 
Lithium batteries allow for numerous cycles and high energy densities. Specialized lithium 
batteries can operate in cold environments and so lend themselves to space-based applications. 
Many space vehicles currently utilize lithium batteries and there are companies available that 
specialize in such batteries. Lithium batteries do pose a risk however in that rupturing the cell 
casing or putting the battery outside of its temperature range can cause a catastrophic combustion 
(Scrosati, et al. 2013).  
2.3 UAS Missions 
One proposed design for a Titan exploration is the dragonfly model. Dragonfly is a mission 
that will be launched in 2026 and arrive to Titan in 2034. It is a double quadcopter system that will 
analyze different surfaces in Titan and will fly to dozens of promising locations. This mission will 
also mark the first time NASA will fly a multirotor vehicle on another planet. Its design is based 
on a drone and will be capable of “leapfrog” flights of up to 5 miles (8 kilometers) with a total 
combined range of 108 miles (175 kilometers) (Northon 2019). 
NASA’s Mars Rover’s exploration has a lot of history to it, but it has always been able to 
recollect and analyze data based on the different instruments that the different generation of Rover 
had. Between the various instruments they include MastCam-Z, SHERLOC, SuperCam and many 












Chapter 3: Overall Project Approach 
Before even considering different aspects of the design, it is important to correlate the 
different background information into the design perspective. Most information and technical data 
about the Titan moon are still being analyzed which makes the design harder since an adaptation 
for those problems will be crucial. Defining a criterion for the design must take into consideration 
some of the background information that can be used to specify the requirements of a hypothetical 
mission. From said background information, a variety of problems will arise, and it is crucial to 
develop a problem-solving approach for that matter. 
3.1 Problem Solving Approach 
As expected, exploring Titan signifies a careful analysis for design and a successful and 
viable method for problem solving. For that reason, the use of a Strengths, Weaknesses, 
Opportunities, and Threats diagram (SWOT Diagram) is essential. The use of SWOT charts will 
help in defining a strategy, design, or analysis that fits a specific project given some of the 
constrains and/or limitations that could be present (Roseke 2018). SWOT diagrams refer to the 
following general layout: 








3.1.1 Defined Pre-Design Problems 
This technique will be used to propose a viable solution to the following identified problems:  
• Extreme temperature in Titan’s environment 
• Power Storage  
• Power delivery  
• Dimensional limits of design  
• Far away and low visibility 
• Varying environments at the surface of Titan 









Where the three bolded elements are the crucial problems, the following SWOT charts could be 
defined: 
 
Table 2: Extreme Temperature SWOT Chart 
Extreme temperature Environment 
The environment of 
Titan is extremely 
cold at 179.45 
degrees Celsius 
(Horst). The 
properties of many 
materials changes in 
those kinds of 
conditions and so 
close attention 






electronics in cold 
conditions (insert 
lithium ion citation). 
• Specific Thermodynamic 
and heat transfer 
calculation can be carried 
by all members of the 
team. 
• Simulations and FEA 
analysis background 
• Members of the team do not 
specialize in the field, thus 
prone to errors 
• Limited background in the 
specific internal electronic 
components and its 
requirements 
• Helpful peer-reviewed 
resources in the field. 
• Analysis and simulation 
referred to the actual 
performance of the 
material 
• Faculty and external help 
• Regulatory Body (NASA) 
provides solution 
background in such some 
cases 
• Software for specialized 
simulations and analysis  
• Actual environment of the 
target mission could vary or 
not be fully defined 
• Materials for this kind of use 
are expensive and the 
performance sometimes vary 
(based on different factors) 
• Different components will 
require different temperature 
properties 
• Pick materials to withstand different environment and be flexible in the performance and 
follow NASA recommendations  
• Perform different analysis and test on different materials to see its thermodynamic 












Table 3: Power Storage SWOT Chart 
Power Storage 
The duration of the 
mission should be 
long enough for 
accurate scientific 
readings, estimated 
at least 2 years and 
the power storage 
should be reliable 
for this kind of 
mission. The power 
storage will need to 
survive multiple 
cycles. 
• Design considerations can be 
carried out by the team 
following background 
information 
• Team does not specialize 
in this field 
• Background is very 
limited  
• Private companies offer 
different power storage methods 
• New technologies for power 
storage (Solid state battery) 
• Stress and use will 
decrease the performance 
of most power storage 
• The mission duration 
should be met  
• Use liquid electrolyte lithium ion batteries that NASA uses for other satellites and 
spacecrafts 
• No power storage can be considered if GET, inc. system can be proven to work for the 
model 
• Consider a Solid-state battery with all the analysis that it entails   
 
Table 4: Power Delivery SWOT Chart 
Power Delivery 
The conversion of 
power from the RTG 
needs to be directed 
to the UAS power 
storage system in a 
reliable and feasible 
way without 
compromising the 
functionality of the 
main components. 
Several options can 
be considered. 
• Design considerations can be 
made (if necessary) by the team 
(wired, inductive) 
• Limited background into 
wireless systems 
charging  
•  Different materials can be used 
and considered in the design for 
the case of any power delivery 
system  
• Environment of Titan can 
compromise the 
performance of some 
systems  
• Use inductive power system that can work under the environment on titan 
• Use wire technology and analyze its viability 
• Consider wirelessly transmitted power following careful considerations and research 
• Attach the power generation system to the design and perform different analysis and 
calculations based on the new parameters. 
 
The different SWOT diagrams for each of the encountered problems can be found in Appendix 
D: Problem Solving for Solutions.  
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3.1.2 System of measurement for the proposed solutions: 
Having proposed solutions for each problem, it is important to categorized quantitatively by some 
parameters in order to consider the final solution for each one of the problems. A new criterion 
will be defined, this time in 5 categories which will be: Simplicity, viability, availability, design 
consideration, and reliability.  
Each of the categories above is defined as a different aspect, as: 
• Simplicity: How complex or simple is the solution itself for the team. In a scale of 1 to 10 
the higher the quantitative number, the simpler it gets meaning a better solution 
• Viability: The end result of the solution, and how it can impact our goal at the end of the 
project. The higher rating refers to a better solution 
• Availability: The solution itself and its current external state (tested and launched to in 
prototyping). The higher rating refers to less expensive method and overall better solution 
• Design consideration: The impact in the later aspects on the design. The solution has a 
leverage range where it can adapt to it. The max rating will mean that the solution will not 
impact the later design steps and that it would be easy to account it for. 
• Reliability: The actual working life of the solution according to our design and/or to the 
actual sources that lead to the solution. The max rating will mean that the solution should 
not have any disadvantages in the near future. 
Each solution will be ranked with the proposed system by the team members, and the best one of 
each type of problem encountered will be the final considered solution. The following table 
explains the results of the rating: 
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Table 5: Rating of the Proposed Solutions for each Problem Encountered 
 
Thus, based on the Table 5 results, the final solutions for the problems described above will be the 
following: 
• Extreme temperature in Titan’s environment: Pick materials to withstand different 
environment and be flexible in the performance and follow NASA recommendations  
• Power Storage: Use liquid electrolyte lithium ion batteries that NASA uses for other 
satellites and spacecrafts 
• Power delivery: Use inductive power system that can work under the environment on titan 
• Dimensional limits of design: Design a UAS that is compact enough with the less 
moving parts possible  




• Varying environments at the surface of Titan: Do iterative analysis of the components 
for a FEA for those environments 
• Power generation for the UAS: Use/consider MMRTG technology by NASA to provide 
power for the UAS 
3.2 Design Requirements and Specifications 
After careful consideration of the problems and the possible solutions, the first step for the 
project will be defining a set of requirements based also in what it is expected in the mission. The 
requirements will not only allow design goals to be met or exceeded but will also provide the path 
for the technical capabilities of the proposed design. The proposed requirements and specifications 
for the design of the fixed wing UAS are as follows:  
▪ Be capable of vertical takeoff and landing (VTOL)  
▪ Redundant system(s) 
▪ Have fixed wings for flights 
▪ Compatibility for payload transport (1 kg) 
▪ Utilize wireless charging system  
▪ Capable of withstanding Titan’s entry and atmosphere conditions  
▪ Able to collect targeted data and return to original location   
▪ Able to survey an area for targeted mission  
▪ Carry sensors and cameras for scientific investigation   
▪ Able to stop and hover mid-flight to retrieve objects (Optional)  
▪ Preliminary design dimensions include wingspan of 4.5 meters maximum based on rocket 
fairing 
▪ Maximum flight time (including. returning to station) of 75 minutes 
▪ Preliminary weight of 450 kg (dragonfly mission reference) 
▪ Anti-Torque mechanism/Opposite Rotors Spinning direction 
▪ Cruise speed of 13 m/s minimum  
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3.3 Mission Profile 
The following mission profile was created to represent the overall mission for the proposed 
design Figure 6. As seen from Figure 7, with the Firefly’s power requirement of 4.9kW, it is 
projected through analysis that the density levels are 5.5kg/m^3. Based on Titan’s atmosphere, its 
density levels correlate to approximately 76.2km (Horst 2017). 
 
Figure 6: Mission Profile 
With the Firefly’s maximum altitude far exceeding the favored height, for its mission of 
surveillance, the range of altitude flown will be within the range of 6000 – 14,000ft.  A preliminary 
quick power analysis was done based on density which is shown in Figure 7. 
 
Figure 7: Power Required Vs. Density Levels of Titan 
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3.4 Minimum Project Success Criteria 
The minimum success criteria for the proposed design were determined to accomplish the 
following: 
1. Firefly Project passes the minimum CFD simulations to prove its performance 
2. Prototype design is on budget 
3. Project Firefly is finished by the end of the semester 
4. Meets defined design requirements 
5. Meets defined design specifications 
6. Develop relevant trade studies to optimize design  
3.5 Team Member Responsibilities 
Jamal Longwood is responsible for the task of assigning, keeping track of scheduling and 
deadlines, along with the project submissions to the advisor. He is also a support team member of 
additional CAD modeling and trade study entries to further explain topics. Hershle Ellis is 
responsible for modeling, analysis, and design of the fuselage, internal components, and 
furthermore the MATLAB code required for calculations. He is also responsible for contributing 
to the report and presentations and attending and participating in team meetings.  Miguel Quispe 
Tardio is responsible for the modelling, choosing and analysis of the lifting bodies: the main wings 
and the rotor configuration with the blades. He is also responsible for the CFD simulation done on 
this specific bodies. Table 6 represents the general responsibilities of each member. 
Table 6: General Member Responsibilities 
Member Responsibility 
Miguel Quispe Tardio Airfoil Selection 
CAD of Rotor Blades & Wings 
Lift & Drag Calculations 
CFD Analysis for Calculation Verification 
Trade Study/Literature Review 
Instrumentation 
Hershle Ellis CAD of Fuselage & Internal components 
MATLAB Calculations for Feasibility 
FEA Analysis for Calculation Verification 
Material Selection 
Motor Selection 
Trade Study/Literature Review 
Jamal Longwood CAD of Empennage & Landing Gear 
Material Selection 
Trade Study/Literature Review 
Economic Analysis 





3.6 Material Selection and Determination 
3.6.1 Analyzing Material Properties 
Because of Titan’s extremely cold environment, material choices are specialized and even 
more so because of the need to reduce weight for transporting the craft to Titan. Structural 
materials for aircraft on Earth may not perform similarly on Titan therefore it is important to find 
to the right materials. The following figures were created using the “Level 2” CES Edupack 
software which allows for a variety of material properties to be selected for and analyzed in 
graphical form.  
 
Figure 8: Tolerance to Cryogenic Temperature vs Minimum Service Temperature 
Figure 8 shows the tolerance to cryogenic temperatures versus the minimum service temperature 
of many materials. Age-hardening wrought aluminum alloys fall into a category that satisfies the 
minimum service temperature requirement and has excellent tolerance to cryogenic temperatures 
as well as titanium and nickel alloys. Anything to the right of the red line doesn’t meet the 
temperature requirement so stainless steel and carbon steels are not a viable material to use. 
 Minimum service temperature (°F)







































Figure 9: Casting CO2 vs Tolerance to Cryogenic Temperatures 
The manufacture of the chosen materials will undoubtably produce carbon dioxide that will enter 
Earth’s atmosphere. Keeping the environmental impact of the project in mind, Figure 9 was created 
to evaluate which materials produce the least carbon dioxide in casting while maintaining the key 
tolerance to cryogenic temperature requirement. Cast aluminum alloys fall into a reasonable 
category and produce less than low and high alloy steels. Titanium and nickel chromium alloys 
produce the most out of the considered materials that satisfy the cryogenic temperature 
requirement; therefore, regarding the titanium alloys, those materials were only considered for 
small parts.  
 Tolerance to cryogenic temperatures









































Figure 10: Yield Strength vs Density 
To determine a material that has enough yield strength to survive the aerodynamic loads that will 
be experienced in flight, Figure 10 was produced. Although high carbon steel has a high yield 
strength it also weighs more and doesn’t hold up well under cryogenic conditions. Cast magnesium 
alloys fall into a good category as well as aluminum alloys. Nickel-chromium alloys and titanium 
alloys also have a high yield strength however those materials have a higher density. 
 Density (lb/in^3)






































Figure 11: Price vs Density 
Low cost was also a deciding factor in the materials of choice. Aluminum alloys fall into a 
reasonable cost and are also low density as shown in Figure 11. Nickel-chromium alloys and 
titanium alloys are more costly so similarly to Figure 9 they were not used in large amounts. 
 
Figure 12: Minimum Service Temperature vs Thermal Expansion Coefficient 
 Density (lb/in^3)
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Thermal contraction was relevant in deciding the materials. Because of the cryogenic 
temperature’s, materials will contract to achieve an equilibrium state with the surroundings. 
Because of that materials with low thermal expansion coefficients were desired to mitigate the 
amount of contraction of the material geometries. Only a selection of materials met this criteria to 
the left of the red line which included aluminum, nickel, and titanium alloys (Figure 12).  
 
Figure 13: Fatigue Strength vs Yield Strength 
The aerodynamic loads and certain other loads experienced by the aircraft will likely be cyclic in 
nature. Therefore, preference for a material that holds up to high cycle fatigue was desired. These 
materials were found to be aluminum alloys, magnesium alloys, steels and titanium alloys. 
3.6.2 Selecting Insulation Material 
An insulation material with a very low thermal conductivity was desired. A material with 
one of the lowest thermal conductivities is a material called aerogel – it is also one of the least 
dense solids. Aerogel is very expensive, so to keep costs low a composite material was evaluated. 
The “Cryogel Z Blanket” was chosen with a thermal conductivity of 10 mW/m-K (Appendix G: 
Insulation Datasheet). 
  
 Yield strength (elastic limit) (ksi)








































3.6.3 Selecting Component Materials 
Based on the figures discussed previously, for each major component the following materials were 
chosen: 
Wings: The wings are required to be lightweight but also provide stability and possess structural 
strength for the lift capacity of the UAS. Therefore, the material chosen for the wings were an 
aluminum alloy. 
Rotors: The different rotors in the design will consist in a variety of materials, being the first and 
most important to be aluminum and carbon fiber as the second element to be used in the design 
with rigid foam plastic and aluminum skin. This will help in weight savings of the blades and the 
rotor itself 
Fuselage: Aluminum alloy 7075-T6 was chosen for the fuselage. 
Empennage: The configuration design of the UAS’s tail is to provide outstanding stability and 
control during flight to assist the mission’s objective of data collection with instrumental usage. 
The Aluminum alloy 7075-T6 was chosen due to its low density proving lighter weight of the tail. 
3.7 Resources 
The following resources were available for the project: 
• SOLIDWORKS 
• MATLAB 
• ANSYS Suite 
• Microsoft Office Suite 
• Multiple high-performance computers 














3.8 Project Schedule 
Table 7: Gantt Chart Schedule 
 
Along with the Gantt Chart, Team Titan has collectively agreed to weekly meet every 
Tuesday at 9:30am until April 28th, 2020. It was also determined that to increase the productivity 
of the team that there would also be meetings held on Mondays. Reasons for not attending these 















Chapter 4: Preliminary Sketches and CAD Models 
Initial Sizing Dimensions (Approximate) 
▪ Length: 1.5 meters maximum* 
▪ Wingspan: 3.3 meters maximum (Based on similar Huygens spacecraft) 
▪ Required lander weight: 480 kg (Based on Huygens weight and Mars Rovers instruments) 
Figure 14 shows the early preliminary sketches created for the design. It was discussed that a 
design that included wings would improve the performance and so the problem from the onset was 
approached with the idea of integrating vertical takeoff and landing (VTOL) capabilities along 
with the redundancy and efficiency of a fixed wing while removing the need for an onboard multi-
mission radioisotope thermoelectric generator (MMRTG). The initial idea was to implement a tilt 
rotor that could switch between VTOL and forward flight configurations with an alternative that 
allowed for a pusher prop to increase redundancy. Another alternative considered a blended body 
wing with integrated rotors and a pusher prop for forward flight. 
 
Figure 14: From Left to Right - Tilt Rotor + X-Tail + Foldable Wings, Tilt Rotor + Pusher, Blended Body + Integrated Rotors 
It was later found that a tilt rotor design would not be redundant enough to be implemented into 
the design and that the tail could benefit from a simpler approach. The blended body concept 
although efficient and more spacious would require more complex analysis and lacked the 
redundancy required. Further conceptualization was done as shown in Figure 15 that combined the 
best solutions of each concept and converged it into an aircraft that included quad-rotors integrated 
into a lightweight framework that allows for some compatibility, that included a pusher prop, and 





Figure 15: Final Firefly Preliminary Design Concept 
4.1 Technical Data of Saturnian Moon Titan 
As Titan is like earth being the only other significant nitrogen-like atmosphere planetary body in 
our solar system, there are many other factors that are not equal. The atmosphere of Titan is 
primarily composed of Nitrogen, Methane and Hydrogen and many of the aspects also change as 
ground atmospheric temperature, ground atmospheric pressure, gravity and many more aspects 
that are important when designing an aircraft. The collected and calculated physical properties of 
Titan can be seen below in Error! Reference source not found. (Horst 2017): 
Table 8: Physical Properties of Titan’s Atmosphere 
Titan Planetary Data Value 
Gravity at Ground Level (m/s^2) 1.354 
Density at Ground Level (kg/m^3) 5.39 
Universal Gas Constant 8.314 
Gas Constant (J/kg*K) 296.8 
Ground Temperature (K) 93.7 
Pressure (Pa) 149896.76 
Molar Mass 0.02729 
Calculated Density 5.25 
Specific Heat Ratio 1.4 
Speed of Sound on Titan (m/s) 199.91 
Table 8 provides the main differences compared to Earth. Those differences being the gravity 
(1.35𝑚/𝑠2 𝑣𝑠 9.81𝑚/𝑠2), the atmospheric density (5.39𝑘𝑔/𝑚3 𝑣𝑠 1.225𝑘𝑔/𝑚3), and the speed 
of sound (199.91𝑚/𝑠 𝑣𝑠 344𝑚/𝑠) (Anderson 2016). All these factors were important in 
designing the aircraft. 
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4.2 Mass and Weight Estimation 
The main aspect of the design is the mass and weight estimation of the aerial system itself, which 
is divided into two categories: instruments mass and empty “dry” mass. 
4.2.1 Instrumentation 
The instruments used will be based of the similar Cassini-Huygens mission and at the same time 
in some of the instruments of the Mars Rovers that will also work on Titan.  
Table 9: Mass distribution of the different instrumentation considered for firefly mission 
Instruments Mass (kg) Titan Weight (N) Earth Weight (N) 
MastCam (2) 8 10.56 78.48 
ChemCam (1) 5.62 7.4184 55.1322 
NavCam (4) 1 1.32 9.81 
PanCam (2) 0.54 0.7128 5.2974 
Supercam (1) 10 13.2 98.1 
PIXL (1) 6.915 9.1278 67.83615 
Descent Img (1) 0.48 0.6336 4.7088 
SHERLOC (1) 3.72 4.9104 36.4932 
RAD (1) 5 6.6 49.05 
SAM (1) 20 26.4 196.2 
ANTENNAS (1) 12 15.84 117.72 
OBS 12 15.84 117.72 
Total 85.275 112.563 836.54775 
 
Table 10 provides some of the required information used in our design related to the 
instrumentation used.  
4.2.2 Body 
The typical body mass and weight estimation of the UAS will be calculated from a CAD software 




4.3 Fuselage and Insulation Design 
 
Figure 16: Fuselage CAD Model 
The fuselage of the Firefly is a thin wall at five millimeters. The fuselage was modeled 
using the loft feature in SolidWorks to create the body along with the associated guide curves – 
this allowed for a more detailed shape. Rod remembers pass through the fuselage to support the 
sliding rods (booms) that support the tail. A flat surface for mounting batteries, electronics, and 
enclosure heaters is shown on the bottom interior of the fuselage (Figure 16). 
 
Figure 17: Insulation CAD Model 
Insulation layers the inside of the fuselage with a thickness of fifteen millimeters and is based off 
the same lofting feature that the fuselage was created with. A 3D geometry is shown in Figure 17. 




4.4 Wing Design 
The second aspect of developing a reliable and solid model is the wing, which is the lifting body 
of the entire UAS. When designing the wing, it is important to select the correct airfoil for its 
different capabilities. As Project Firefly will be used for exploration, a high lift low drag airfoil 
will not only provide efficient power consumption, but it will also allow for less incoming 
freestream velocity, which can make the exploration better. For those specified reasons, the airfoil 
s1223 developed by NASA is a good candidate for this design: 
 
Figure 18: NASA s1223 airfoil shape 
Figure 18 refers to the 2D geometry of the s1223 airfoil considered which will allow for one of the 
greatest amounts of lift at very low, even close to 0, angle of attack. The best indicator of the 
performance of such airfoil is the drag polar graph that it generates. The drag polar is based on 
many of the parameters of the design and the environment such as free stream velocity and 
Reynolds Number. Based on the requirements of the design, the following parameters can be 
calculated: 
• Incoming freestream = 13 m/s 
• Kinematic viscosity = 1.232*10-6 m2/s  
• Airfoil chord length = 0.22 
• Reynolds Number = 2,322,000 





Figure 19: Drag Polar of S1223 Airfoil 
As seen above, Figure 19 is the visual representation of the drag polar parameters of the airfoil for 
the given characteristics in Titan (Re = 2,322,000 and M = 0.038) and showing high lift 
performance while also keeping the drag very low for the mission. Considering also that the 
atmosphere is denser, and the gravitational force is less than on earth, it can be considered one of 
the best airfoils to be used for the mission.  
Moving forward, a wingspan of 2.5 meters will be developed for this mission. Using 
SOLIDWORKS, a preliminary model for the wing can be produced which is shown in Figure 20. 


















Figure 20: Modeled 3D Wing Design Based on the s1223 Airfoil 
4.5 Rotor Blades 
The rotors will also be another important parameter to be carefully analyzed as one of the 
requirements is the need for a hovering flight, and vertical takeoff.  Important parameters to follow 
is the maximum faring size of the rocket so the need for an advanced blade for a rotorcraft needs 
to be analyzed. 
For this case, NASA also developed a high lift rotorcraft blade which can be very useful for the 
following design steps: the RC (4)-10. This blade is capable of high lift in rotorcraft mechanism 
and very useful considering the parameters that are present. Figure 21 is the airfoil geometry to be 
used for the rotor blades. 
 
Figure 21: Figure. RC (4)-10 Airfoil Shape. 
As the previous airfoil, the drag polar can also be estimated at low Reynolds number since it will 
be used for rotors. Figure 18 shows the drag polar behavior of the blade at low Reynolds number 




Figure 22: Rotor modeled 3D design based on RC (4)-10 Airfoil 
The blade itself will consist of a carbon fiber spar, which will provide stability and rigidity to the 
blade, a complex foam material and aluminum skin for weight savings. The rotor itself will hold 
3 blades with a preliminary radius of 175 millimeters radius with a hub diameter of 40 mm. The 
rotors on the right will rotate counter-directionally to the rotors on the left, providing an antitorque 
mechanism. The designed rotor can also be made in SOLIDWORKS 
 
Figure 23: Rotor modeled 3D design based on RC (4)-10 Airfoil 
Figure 23 shows a preview of the CAD geometry of the rotor. As for the first step of this iterative 
process, the blades will be un-tapered and will follow a constant twist of 5 degrees to provide 
maximum lift. Finally, as part of the design process a radius of 30 cm per rotor was considered for 
best power consumption and overall design. The blade will consist of a segmented geometry with 





Figure 24. Modeled rotor blade cross sectional view 
Figure 24 shows how the blade will look from the inside. The foam material will be aircraft 
grade foam and the spar will be made of carbon fiber for structural strength. 
4.6 Empennage  
The empennage is based on a box tail configuration. A primary goal is to have to ability to 
collect steady and accurate data collection, and this configuration is favored for our design. Its 
simplicity and capability of increased stability and control allows the improved flight performance 
for data collection. Its dimensioning is based on the lateral length of the aircraft’s fuselage of 
695mm.  
 
Figure 25: Empennage Box Tail CAD Model 
4.7 Landing Gear 
A multi-legged landing gear was designed that allows for a flat contact surface between 
the aircraft and the landing platform. The legs were designed in a way to allow for stability 
during landing by having multiple contact points as shown in Figure 26. 
 




4.8 Landing Platform 
The landing platform allows for the recharging of the aircraft after executing the mission 
profile by means of the MMRTG. It is circular in geometry to better utilize the fairing space 
provided by the launch vehicle and includes a flat extruded surface for contact between of the 
inductive coils used to recharge as seen in Figure 27. Figure 28 shows the entry cone configuration 
once it approaches Titan’s surface. 
 
Figure 27: Landing Platform 
 




4.9 Battery Selection 
Table 10: Battery Comparison 
Model 1p INT 176065 isr FL MP 176065 xlr MP 176065 xtd 
Type Li-ion  Li-ion  Li-ion  
Nominal Energy (Wh) 20.4 24.8 20.4 
Mass (kg) 0.155 0.15 0.135 
Energy Density 131.61 165.33 151.11 
Three separate batteries were compared based on the three categories listed in Table 10. 
Using conditional formatting the MP-176065-xlr was determined to be the optimal choice 
compared to the other two. The datasheet for the battery used can be found in Appendix F: Battery 
Datasheet. The selected battery has an optimal operation temperature range of -30 C to 60 C 
allowing for more flexibility on the internal temperature of the Fuselage (Figure 59). 
 
4.10 Full Assembly: 
The components shown previously were integrated and mated to form the final assembly 
of the aircraft. The details of the full CAD assembly are shown in the Figure 29 below:  
 






Chapter 5: Sizing 
In order to start the analysis of the overall design, the first step is to determine the exact mass and, 
therefore, weight in both Titan surface and how it compares to earth. Initially, the design 
requirement of mass, considering the similar ‘Dragonfly’ and ‘Huygens-Cassini’ missions, was 
450 kg. However, a more accurate mass-weight estimation can be done with the help of 
SOLIDWORKS. 
 
SOLIDWORKS has powerful mass estimation analysis considering the geometry and the materials 
used for the design. Therefore, an actual mass estimation of the parts can be done individually.   
Table 11: Fuselage Components Mass and Weight 
Fuselage Components Mass (kg) Titan Weight (N) Earth Weight (N) 
Fuselage 16.75 22.11 164.32 
Wings 17.56 23.18 172.26 
Rods 2.70 3.56 26.49 
Bottom 5.18 6.84 50.82 
Nose 0.58 0.77 5.70 
Rod Clamps 1.16 1.53 11.34 
Total 43.93 57.98 430.92 
 
Table 11 refers to the computed-estimated mass of the components used in the design with 
SOLIDWORKS mass properties tools. As many of the components are very lightweight 
considering Aluminum is used for all of them, the mass estimation also needs to take into account 
other different factors. The fuselage components were the initial components to be sized. After 
iterative and post checking some of the details of the lifting bodies, the rotors also can be weight 
estimated. 
 
Table 12: Rotor Mass and Weight 
Rotor mass properties Mass (kg) Titan Weight (N) Earth Weight (N) 
Rotors (4) 3.48 4.73 34.14 
Motor * 20.00 27.20 196.20 
Total 23.48 31.93 230.34 
 
Table 12 refers to actual mass distribution of the total 4 rotors used for the design with a 
preliminary radius the desired radius of 30 cm for each of them. The motor mass was assumed for 
this case. Continuing with other aspects, the landing gear mass is estimated in Table 13. 
 
Table 13: Landing Gear Mass and Weight 
Landing Gear Mass (kg) Titan Weight (N) Earth Weight (N) 
Landing gear  3.45 4.69 33.84 
Total 3.45 4.69 33.84 




Table 14: Empennage Assembly Mass and Weight 
Tail Assembly Mass (kg) Titan Weight (N) Earth Weight (N) 
Tail assembly 5.11 6.95 50.13 
Total 5.11 6.95 50.13 
 
Moreover, Table 15 focuses in the geometry of the pusher that will make the fixed wing flight 
possible. 
Table 15: Pusher Prop Mass and Weight 
Pusher Prop Mass (Kg) Titan Weight (N) Earth Weight (N) 
Pusher  2.00 2.72 19.62 
Total 2.00 2.72 19.62 
 
Table 16 focuses in the different battery information available for the model. The number of 
batteries is not randomly chosen but computed after different iterative analysis of the design 
Table 16:Total Battery Mass and Weight 
Battery info Titan Earth  
Energy 24.8 24.8 Wh 
Mass/battery 0.15 0.15 kg  
Number of Batteries 36   
Weight 7.312 52.974 N 
  
Table 17:Instrument Mass and Weight 
Instruments Mass (kg) Titan Weight (N) Earth Weight (N) 
MastCam (2) 8 10.56 78.48 
ChemCam (1) 5.62 7.4184 55.1322 
NavCam (4) 1 1.32 9.81 
PanCam (2) 0.54 0.7128 5.2974 
Supercam (1) 10 13.2 98.1 
PIXL (1) 6.915 9.1278 67.83615 
DescentImg (1) 0.48 0.6336 4.7088 
SHERLOC (1) 3.72 4.9104 36.4932 
RAD (1) 5 6.6 49.05 
SAM (1) 20 26.4 196.2 
ANTENNAS (1) 12 15.84 117.72 
OBS 12 15.84 117.72 
Total 85.275kg 112.56N 836.55N 
 
Table 17 focuses deeply into the instrumentation mass distribution that takes place. Each of these 
components was considered based on its reliability and function. The mass estimation also 




Table 18:Total Mass and Weight 
Design Weight (N) kg 
Titan 228.35 168.645 
 
Concluding the sizing, Table 18 considers the previous tables defined in this section and 
combines the information for a more accurate mass estimation of the design. The result was a 




Chapter 6: Analysis 
6.1 Thermal Analysis 
For the thermal analysis of the design, mostly finite element analysis was used. To optimize 
the design heat transfer equations were used in conjunction with trade studies. Furthermore, any 
exposed component had the atmospheric temperature of Titan applied to produce accurate stress 
results. 
6.1.1 Thermal Analysis of Insulation and Fuselage 
The atmospheric temperature on Titan is 93.7 kelvin (Table 8). At that temperature the 
electronics onboard, namely the batteries, would fail to operate nominally or at all and could cause 
a catastrophic failure of the aircraft. If the temperature of the inner wall of the fuselage is 273.15 
kelvin, and using the atmospheric temperature outside of the fuselage, the thermal resistance 















      (Eq.  3) 
The thermal resistance method equations were coded with MATLAB to investigate the effects of 
changing the thickness of the insulation in a trade study. The MATLAB code used can be found 
in Appendix E: MATLAB Code under E.6 Thermodynamics and Heat Transfer (Thermal 
Resistance Method). 
 
Figure 30: Insulation Thickness Trade Study 
A trade study was performed to see the effects of increasing insulation thickness. It was found that 
as the thickness of the insulation was increased the conduction through the fuselage walls was 
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decreased. However, the curve represented in Figure 30 indicates a diminishing return in which 
increasing the thickness of the insulation begins to reduce the rate of change towards no change. 
Because of this the determined thickness of the insulation was selected by comparing the actual 
heat lost to the diminishing return curve. A thickness of 20 millimeters was selected for with a heat 
loss of 62 watts. 
 
Figure 31: Internal Temperature Trade Study 
Utilizing the range of operating temperatures provided from the selected battery manufacturer, 
varying the internal temperature of the fuselage showed that the conduction through the insulation 










6.2 Stress Analysis  
Finite element analysis (FEA) was used for the stress analysis performed. Because of the 
unique properties of Titan certain elements could only be reasonably performed with FEA; namely, 
applying temperature dependent properties to the materials used. The thermal analysis performed 
is applied to all the stress analysis cases to resemble the true conditions on Titan. 
6.2.1 Fuselage 
 
Figure 32: Fuselage Displacement Fringe Plot 
As seen in Figure 32, the displacement fringe plot shows exaggerated deformation in the boom 
rods as expected. A maximum displacement of 0.39 millimeters was found.  
 
Figure 33: Fuselage Von Mises Stress Fringe Plot 
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The stress fringe plot indicates that the highest stress is found at the t-joints. A more exact force 
application where the rotors are attached will provide a more accurate stress distribution. Fixtures 
were applied on the surface of the fuselage to provide the resistance needed. In this case the force 
was applied at the T-joints. A maximum stress of 249.3 MPa was determined (Figure 33). 
 
Figure 34: Fuselage Factor of Safety Fringe Plot 
The minimum factor of safety found was 2.1; therefore, the fuselage is safe from yielding based 
on the fixtures and the forces and applied (Figure 34). 
6.2.2 Landing gear 
 
Figure 35: Landing Gear Displacement Fringe Plot 
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Figure 35 shows the displacement of the landing gear resulting from the applied weight. Maximum 
displacement was seen at the fore and aft ends of landing gear. The maximum displacement was 
found to be 0.86 millimeters (Figure 35). 
 
Figure 36: Static Stress Fringe Plot of Landing Gear 
The maximum stress on the landing gear was seen at the feet where the fixtures were applied. This 
was expected because the movement of the feet are restricted. The maximum stress was 
found to be 377 MPa (Figure 36). 
 
Figure 37: Factor of Safety Fringe Plot of Landing Gear 
At the locations of maximum stress, the minimum factors of safety were seen. The minimum factor 






6.3.1 Hovering Flight Aerodynamics 
Table 19: Rotor Parameters 
Rotor Rotor 1 Rotor 2 Rotor 3 Rotor 4 
Blades, b 3 3 3 3 
Solidity 0.38197 0.38197 0.38197 0.38197 
Rotor Radius, R (m) 0.300 0.300 0.300 0.300 
Disk Area, A (m^2) 0.2827 0.2827 0.2827 0.2827 
B 0.8000 0.8000 0.8000 0.8000 
Effective Disk Area, Ae (m^2) 0.2262 0.2262 0.2262 0.2262 
Rotational Speed (rad/s) 100 100 100 100 
Tip Speed (m/s) 30 30 30 30 
Chord (m) 0.12 0.12 0.12 0.12 
Tip Chord (m) 0.12 0.12 0.12 0.12 
Root Chord (m) 0.12 0.12 0.12 0.12 
 
To determine the lift generated by the individual rotors, blade element theory was used. 
The velocity across the blades surface can be determined by taking the square root of the sum of 
the squares of the velocity components across the blade. These components include the induced 
velocity and the tangential velocity (Leishman 2006): 
𝑈 = √𝑈𝑇
2 + 𝑈𝑝2 = √𝑣ℎ
2 + (𝛺𝑦)2    (Eq.  4) 
𝑈𝑇 = 𝑉𝑐 + 𝑣ℎ = 𝑣ℎ      (Eq.  5) 











𝑐𝐶𝑙𝑑𝑦    (Eq.  6) 
The velocity equation can be plugged into the equation of lift and a constant equation “B” can be 




      (Eq.  7) 
𝑑𝐿 = 𝐵(𝑣ℎ
2 + (𝛺𝑦)2)𝑑𝑦 = 𝐵𝑣ℎ
2𝑑𝑦 + 𝐵(𝛺𝑦)2𝑑𝑦   (Eq.  8) 
Integrating the equation on the intervals from zero lift to the lift along the blade and from zero 
































)     (Eq.  10) 
The total thrust from one of the rotors is found using, 
𝑇 = 𝐿 ∗ 𝑁𝑏      (Eq.  11) 
Where 𝑁𝑏 is the number of blades on the rotor and “L” is the lift generated by one blade of the 
rotor. Although the power required provides useful values to work from the equations don’t 
indicate whether the aircraft will remain in hover. Furthermore, the speed of sound places a 
restriction on how much lift can be generated based on the rotor radius. Therefore, a thrust check 
and velocity check was done using the lift equation derived. To determine the speed of sound on 




      (Eq.  12) 
Where “a” represents the speed of sound, “T” is the fluid temperature, and “M” is the molar mass 
of the fluid. “𝑅𝑢” represents the universal gas constant. Inputting the values from Table … gives 







= 199.91𝑚/𝑠    (Eq.  13) 
Entering the parameters and values calculated into MATLAB allowed for a thrust check to be done 
on a trade study of varying rotor radius (E.2: Battery Count Determination and Power Required to 
Hover). Based on the data generated in MATLAB the range of acceptable angular velocities were 
determined as shown in  Figure 38. Values that equated to one in the graph represent a pass on the 
thrust check and values that equated to zero represent a fail (a fail meaning that the aircraft would 
not be able to sustain its weight in hover). The lower limiting factor was dictated by not generating 




Figure 38: Hovering Thrust Check 
In order to proof the aspects of our proposed design, a CFD simulation on the rotors was planned. 
Considering the radius of 30 cm (0.3 meters), and following our trade studies, the targeted 
rotational speed to provide good thrust should result in an induced velocity of at least 4.35 m/s. 
Considering an initial rotational speed of 100 rad/s, the results of a CFD were as follow:  
 
Figure 39. CFD of a single rotor 
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As seen in Figure 39, the rotors are able to produce close to the desired amount of induced velocity, 
resulting in the required thrust. This result satisfies our calculations of rotational speeds for each 
of the rotors, meaning that there is no excessive power required for the rotor to lift the UAS.  
6.3.2 Climbing Flight Aerodynamics 
Being a fixed wing UAS, it is important to consider the climb capacity. As the s1223 airfoil 
can provide high lift at very low angles of attack, a preliminary analysis of the airfoil will be made 
under the given conditions that the target cruise speed is 13 m/s as of one of the requirements. 
Analyzing the behavior of the lift coefficient at different angles of attack is necessary.  
6.3.3 Forward Flight Aerodynamics 
 The most important of the fixed wing UAS is the capabilities of the design in 
forward flight. Such analysis is based in different parameters including the coefficient of lift, 
incoming free stream air, atmospheric conditions and the design of the model. Table 8 describe 
the characteristics of the design that are going to be used for such calculations, all of them refer to 
the actual design model using CAD measuring tools.  
Table 20: Fixed Wing Parameters 
Wing Parameters Value Units 
Wingspan, b 2.50 meters 
Chord Length, c 0.22 meters 
Lift coefficient, 𝑪𝑳 1.04 Unitless 
Max Lift Coefficient, 𝑪𝑳,𝒎𝒂𝒙  2.75 Unitless 
Drag Coefficient, 𝑪𝑫 0.0336 Unitless 
Lift to Drag Ratio, 𝑳/𝑫  30.88 Unitless 
Wing Loading, 𝑾/𝑺 795.45 N/m^2 
Aspect Ratio, AR 5.09 Unitless 
Thrust to Weight Ratio, T/W 0.0324 Unitless 
 
MATLAB was used to make the forward flight aerodynamic calculations and can be found in 
Appendix E: MATLAB Code under E.5 Fixed Wing Aerodynamics. The lift and drag can be 
calculated with the following equations along with the dynamic pressure (Anderson 2016): 
𝐿 = 𝑞𝑆𝐶𝐿      (Eq.  14) 




𝜌𝑉2      (Eq.  16) 
For steady level flight the velocity can be found using the airfoil parameters: W being weight, S 
being the surface area of the wing, CL being the coefficient of lift of the wing, ρ being the 
atmospheric density, and V the incoming free stream velocity. (Anderson 2016), 
𝑊 = 𝑞𝑆𝐶𝐿 =
1
2









      (Eq.  18) 








= 11.38 𝑚/𝑠   (Eq.  20) 
However, this analysis is simple and such calculation most probably differs from the actual 
simulated performance. A CFD analysis will be conducted in two different applications different 
from XFLR5 to see the real effects under the given conditions. Using SOLIDWORKS flow 
simulation software the estimated coefficient of lift can be checked and, thus, the minimum cruise 
velocity. Equation goals will be set for the SOLIDWORKS CFD analysis, first an equation to 
check the coefficient of lift (derived from equation 14) and Equation 16 with the known values 
from the analysis parameters and the simulated lift coefficient. The equation to define the lift 
coefficient will be: 





     (Eq.  21) 
From SOLIDWORKS, the simulated value of the lift coefficient will be shown in the following 
figure:  
 
Figure 40: Simulated Lift coefficient (CL) from the 3D geometry 
From Figure 40, the actual lift coefficient computed by SOLIDWORKS is around 0.748. This 
differs widely from the expected value of 1.20 derived from XFLR5 software. There could two 




























atmosphere and the other one being the lack of a very refined CFD analysis which requires specific 
equipment and turbulence model in order to be entirely accurate. Under this assumption, the speed 
to maintain level flight should also be altered, which can be analyzed in the following figure: 
 
Figure 41: Simulated level flight speed from simulated CL using SOLIDWORKS 
As Figure 41 suggests, the actual speed for level flight will be 14.53 m/s instead of the 11.38 m/s 
previously calculated. However, it is very important to corroborate the results of the lift coefficient 
as the main part of the fixed wing aerodynamic analysis. For said reason, ANSYS Fluent, a high 
computational CFD software, will be used taking in consideration the turbulence parameters 































Figure 42. Lift Coefficient Computed by ANSYS Fluent 
Figure 42 shows the results computed by Fluent and it suggests that the actual lift coefficient with 
a very refined mesh and viscous conditions present, is 1.1382. ANSYS models the airfoil and its 
lift coefficient to be very close to the one in XFLR5 since it is more accurate in meshing and 
modelling turbulence. Being the CL and CD, 1.1382 and 0.0252. Rerunning a final SOLIDWORKS 
simulation to compute the ideal level flight speed yield the following figure by doing iterative 
analysis: 
 
Figure 43. Analyzed lift behavior at 12.29 m/s level flight speed 
Figure 43 suggest that 12.29 m/s is the best level flight speed that the UAS will have to maintain 
to be up in the atmosphere based on parameters given by ANSYS. The target velocity is close to 
the one in the design requirements. Small cruise speed will allow for much greater mapping of the 
surface. The pusher propeller is the means of achieving the cruise velocity desired. Blade element 
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theory was used to determine the required rotational speed of the propeller based on a force balance 
equation: 
𝐹𝑛𝑒𝑡 = 𝑇 − 𝐷      (Eq.  22) 
The transient components of the start and stop conditions were ignored and the steady state 
conditions were examined. In that case the force balance equation is given as: 
𝐹𝑛𝑒𝑡 = 0 = 𝑇 − 𝐷     (Eq.  23) 
The same process can be followed as Equations 4-11 to derive the thrust of the propeller which 








) = 𝐷     (Eq.  24) 
𝑤 = √2𝐷/𝜌𝑆𝐶𝑙𝑐𝑦𝑓
3     (Eq.  25) 
 
Figure 44: Fuselage CFD Drag Convergence Plot 
A flow simulation was performed at the determined cruise velocity to calculate the total drag on 
the fuselage and components. The total drag was found to be 12.32 N; therefore, with Equation 
26, the rotational speed could be calculated: 
𝑤 = √2𝐷/𝜌𝑆𝐶𝑙𝑐𝑦𝑓
3 = 170.40 
𝑟𝑎𝑑
𝑠
    (Eq.  26) 
𝑉𝑡𝑖𝑝 = 85.20 𝑚/𝑠     (Eq.  27) 
The tip velocity is well below Titan’s speed of sound so supersonic conditions were avoided. 
















Final Assembly (Firefly-1).SLDASM 
[Flow Sim 1 [Default]]
SG Force (X) 1
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could be found using the MATLAB code found in E.5 Fixed Wing Aerodynamics and the values 
seen in Table 21 below. 
Table 21: Flight Range Data 
Range Value Unit 
Outbound Range, 𝑹𝒐𝒖𝒕 47.82 km 
Inbound Range, 𝑹𝒊𝒏 31.89 km 
Total Range, 𝑹𝑻𝒐𝒕𝒂𝒍 76.70 km 
 
6.4 Power Required 
6.4.1 Hovering Flight Power Required 
The proposed system utilizes energy stored in batteries. Unlike conventional fuels used in 
Earth based planes where the weight of the aircraft decreases as it proceeds through the mission 
profile, the weight of batteries must be carried throughout the mission; therefore, the weight of the 
batteries must be approached differently. The equations for power required in hover are given 
(Leishman 2006), 









)     (Eq.  30)  
These equations were used in Excel to calculate the values in Table 22.  
Table 22: Power Required to Hover Calculations (Single Rotor) 
Single Rotor Values Units 
Ideal Power, Pi  247.065 Watt 
Ideal Power Corrected, Pi 284.125 Watt 
Profile Power, Po  19.647 Watt 
Total Power, Ptotal 303.772 Watt 
Ideal Power Coefficient, Cpi 6.004E-03 Unitless 
Ideal Power Coefficient Corrected 6.905E-03 Unitless 
Profile Power Coefficient, Cp0 4.775E-04 Unitless 
Figure of Merit, FM 0.813 Unitless 
Induced Velocity, vh  8.656 m/s 
Rotor Thrust, T  57.088 N 
Thrust Coefficient, CT 0.042 Unitless 
DL 201.908 N/m^2 
PL 0.188 N/W 
Correction Factor, k (assumed) 1.150 Unitless 




Observed from Table 22 the total power required to hover is 293 watts for a single rotor. The figure 
of merit is high at 0.81 indicating that the rotors are well optimized for hover – this high figure of 
merit is likely due to the benefits of the atmospheric density and low gravity. 
 
Figure 45: Battery Count Required vs Rotor Radius 
Figure 45 does not consider the increased battery weight as battery count is increased, however 
this was the initial choice in the rotor radius based on the local minimum in the figure. Higher radii 











Figure 46: Battery Count versus Rotational Speed Trade Study 
 
Figure 47: Battery Count versus Rotational Speed Trade Study Zoomed 
Using the MATLAB code from E.2: Battery Count Determination and Power Required to Hover, 
a trade study was performed based on different rotor radius to help decide the optimal rotor radius 
and to determine the number of batteries required. As shown in Figure 46 and Figure 47, the 
increase in angular velocity for differing rotor radii indicates the preferred radius for the minimal 
amount of batteries based on the power required to hover equations. From zero to one hundred and 
fifty radians per second the response of the curves was evaluated more closely showing a low 
number of batteries required for the radius of 0.3 meters selected. This trade study must be 
compared to Figure 38 to make sure that the rotational speed meets the requirements for hover and 




Figure 48: Actual Battery Count versus Rotor Radius Trade Study 
Furthermore, an improved trade study was performed to determine the actual number of batteries 
required to hover based on the minimum rotational speed needed to hover. Figure 48 indicates that 
with a 0.3-meter rotor only seventeen batteries would be needed to maintain hover for twenty 
minutes. This figure indicated that reductions in energy requirements could be made by increasing 
the rotor radius. There were limitations in increasing the rotor radius because potential 
intersections with other parts. 
6.4.2 Climbing Flight Power Required 
A universal power curve was created to evaluate the power response as the climb velocity 
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Figure 49: Universal Power Curve 
 
Figure 50: Power Required to Climb Trade Study 
Based on the universal power curve the climb velocity in the quadrotor configuration was plotted 
and it was revealed that a diminishing return curve represents the power required as the climb 





Figure 51: Energy Required to Climb to Cruise Altitude Trade Study 
Using the climb duration and the power required the energy required could be determined as shown 
in Figure 51. Although increasing the climb duration reduces the power required, less energy is 
required the faster the aircraft climbs. Based on Figure 50 and Figure 51  a climb velocity range 
between twenty and forty meters per second is recommended. Within that range only eight to seven 
batteries would be required. 
6.4.3 Forward Flight Power Required 
Forward flight is achieved by the pusher propeller as determined in 6.3.3 Forward Flight 
Aerodynamics. To determine the power required to maintain cruise velocity the aerodynamic 
performance can be utilized. The calculations were performed with the MATLAB code in E.4 Prop 
Power Required. Since the range travelled is known (Table 21) and the thrust has been calculated 
the work equation was used as shown below: 
𝑊𝑜𝑟𝑘 = 𝑇 ∗ ∆𝑠    (Eq.  33) 
Where “s” is the displacement and “T” is the thrust. Furthermore, to determine the number of 
batteries required the work data was converted to watt-hours by applying the flight durations in 
units of hours after calculating the power required. The number of batteries could then be 







= 10    (Eq.  34) 
Table 23: Forward Flight Power Required Data 
Work Required Outbound Inbound Loiter Total 
Work (J) 530.38 353.58 176.79 1060.75 
Power (W) 196.44 196.44 196.44 N/A 
Flight Time (hr) 0.75 0.50 0.25 1.50 




6.4.4 Total Power Required 
The total power required was calculated by summing the batteries required from the forward 
flight and climbing flight powered required as well as including the loiter power required. The 
result is twenty batteries being needed to achieve the full mission profile at the lower bound of 
the cruise altitude and using the second configuration listed in Table 24. 
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Chapter 7: Economic Analysis  
 The economic analysis of the Firefly UAS was calculated by combination the total of two 
methods: budgeting and labor. Budgeting is based on the material selection and weight of each 
component of the UAS. The Labor calculations are based on the hours spent into as a collective 
on each important task completed by each Aerospace engineer, project manager, and industry 
expert (Professors of Kennesaw State University faculty). The overall estimated total of the 
production of the Firefly UAS is $704,367.20. 
7.1 Budget 
The Firefly’s economic analysis is based on the material selection, weight, and the 
assembly process, keeping in mind multiple parts being involved within it. Another factor is the 
manufacturability of the part, and with the assistance of the Costing Estimation Feature of 
SolidWorks 2019, manufacturing prices were calculated to provide a realistic value to its 
production. By utilizing machining process, each part is shaped by a power-driven tooling into its 
intended shape for use. As seen from Table 26, the fuselage’s material cost is less, but its 
production cost increases $6,416.66, due to machining holes, milling smooth surfaces to reduce 
drag, along with welding. Outside of this software, the batteries and motors used were provided 
from various websites as sourced in the Bibliography section.  
Table 25: Component Budget 
Firefly Component Budgeting 
Manufacturing Method Machining 










44.8 439.48 5.22 85.6 $2379.72 
Rods x2 Titanium 
Alloy Ti-
6AI-4V 






1.156 11.34036 30.00 64.00 $404.2108 
Fuselage 
Nose 















4.43 43.46 30.00 1299.14 $2602.89 
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Pusher Prop Aluminum 
Alloy 7075 
2.0 19.62 5.22 13.42.28 $1444.70 
Motor N/A 0.24 2.34 262.99 N/A $262.99 
Battery x30 N/A 0.15 1.47 74.81 N/A $2244.30 
Total Cost $698,457.20 
 
7.2 Labor 
 Throughout the time period to complete this project, hours from not only the Aerospace 
Engineers and Project Manager, but also assistance from industry experts as well. Tables __ give 
a breakdown of how many hours were put into each important task per design review. By offering 
the Aerospace Engineers and Project Managers of $30/hour and Industry Experts of $45/hour the 
overall estimated cost of labor was calculated to be $5910.  
Table 26: IDR Labor Costs 
Initial Design Review (IDR) Labor 
Major Tasks Completed Aerospace Engineers & Project 
Manager (Hours) 
Total Hours Total Cost ($) 
Topic Selection 4 4 120 
Literature Review 7 7 210 
Design Requirements 
Determination 
5 5 150 
Gantt Chart 3 3 90 
Possible Problem 
Determination 
6 6 180 
Create Report 4 4 120 
Create Presentation 4 4 120 
Total Hours 33 Total Cost $ 990 
 
Table 27: PDR Labor Costs 
Preliminary Design Review (PDR) Labor 
Major Tasks 
Completed 
Aerospace Engineers & 







Mission Profile 4 0 4 120 
Identified Problems 
& Solutions 
5 2 7 240 
Material Selection 4 2 6 210 
Update Report 5 0 5 150 
Create Presentation 4 0 4 120 





Table 28: IPR Labor Costs 
In-Progress Review (IPR) Labor 
Major Tasks 
Completed 
Aerospace Engineers & 







Instrumentation 4 2 6 210 
CAD Modeling 15 0 12 360 
FEA/CFD Analysis 15 3 18 585 
Power Requirement 
Analysis 
8 0 8 240 
Trade Study 11 0 11 330 
Update Report 6 0 6 180 
Create Presentation 6 0 6 180 
Total Hours 67  Total Cost $2085 
 
Table 29: CPR Labor Costs 
Critical Design Review (CPR) Labor 
Major Tasks 
Completed 
Aerospace Engineers & 









12 2 14 450 
Additional Pusher 
Prop & Rotor 
Aerodynamics 
6 0 6 180 
Power Requirement 
Analysis 
2 0 2 60 
Landing Platform 
Configuration 
3 0 3 90 
Motor Selection 2 0 2 60 
Instrumentation 2 1 3 105 
Update Report 5 0 5 150 
Create Presentation 5 0 5 150 











Table 30: FDR Labor Costs 
Final Design Review (FDR) Labor 
Major Tasks 
Completed 
Aerospace Engineers & 









12 0 12 180 
CAD Refinement 3 0 3 90 
Economic Analysis 7 0 7 210 
Video Creation 2 0 2 60 
Poster Creation 5 0 5 150 
Finalize Report 2 0 2 60 
Total Hours 25  Total Cost $750 
 
Table 31: Overall Labor Costs 
Overall Labor Cost 
Total Hours 191 






8.1 Conclusion: Evaluation of Design  
In conclusion to the project the minimum success criteria were compared to the actuality of the 
results determined in the prior sections. The ultimate evaluation of the design success can be 
found in Table 32. The following listed are the minimum success criteria for the project and the 
evaluations and justifications for each: 
1. Firefly Project passes the minimum CFD simulations to prove its performance 
▪ As shown in Chapter 6: Analysis, the CFD simulations converged to the 
performance values that were evaluated such as the drag force on the aircraft 
(Figure 44), cruise velocity (Figure 41), and lift coefficient (Figure 42). Therefore, 
this criterion was determined to have been met. 
 
2. Prototype design is on budget 
▪ To determine whether the project was on budget the estimated cost of the project 
(Chapter 7: Economic Analysis) was compared to the Dragonfly (Northon 2019) 
which has a total budget of $850 million. However, we compared it to the funding 
received in 2018 which was $4 million. Based on the cost analysis, comparing the 
two costs ($4 million vs $698,000) shows that the prototype is on budget and more 
so compared to the total budget. 
 
3. Project Firefly is finished by the end of the semester 
▪ This criterion was met by completion of the design report, design reviews, and the 
design poster. The creation of a prototype was omitted because of the school 
closures. 
 
4. Meets defined design requirements 
▪ The requirements set for the aircraft can be found in 3.2 Design Requirements and 
Specifications. All requirements listed were met except for the optional 
requirement that was set of sample collection.  
 
5. Meets defined design specifications 
▪ The specifications set for the aircraft can be found in 3.2 Design Requirements and 
Specifications. All specifications were met; namely, being the weight restriction, 
wingspan restriction, and desired cruise velocity (4.5m, 450kg, and 13m/s). The 
desired cruise velocity was achieved allowing for long distance travel on Titan’s 
surface. The Firefly-3 weighs in at 169 kg which is less than the weight restriction 
of 450kg. The total mission range was found to be 77 km which stands up well 
against the Dragonfly’s hop distance of 8km. Compared to the wingspan restriction 
of 4.5m an adequate wingspan was determined at 2.5m. 
 
6. Develop relevant trade studies to optimize design  
▪ Many trade studies were created to optimize and to select design points for the 
aircraft. These trade studies can be found in Chapter 6: Analysis and were namely 
based on insulation thickness, rotor rotational speed, and rotor radius. These were 
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all relevant trade studies that were developed; therefore, this criterion was met. All 
trade studies performed guided the design points selected and ultimately resulted in 
the successful completion of the project and a demonstrable design solution. 
 
Table 32: Project Success Determination 
Minimum Success Criterion MSC Met (Yes/No) 
MSC 1 Yes 
MSC 2 Yes 
MSC 3 Yes 
MSC 4 Yes 
MSC 5 Yes 
MSC 6 Yes 
 
Based on Table 32 and the justifications for the minimum success criteria being met, it was 
deemed that the design of the Firefly was a success.  
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8.2 Conclusion: Future Work 
Although much of the project was completed, there are undoubtedly more that needs to be done 
if the Firefly project were to be continued to total completion. Future work for the project was 
determined to be the following: 
• Fixed wing climbing analysis 
o Two configurations were examined for the mission profile of the Firefly of which 
did not include the potential of using the fixed wing for climb after performing a 
short duration rotor climb as opposed to using the rotors. There is potential here to 
save on energy consumption so this configuration should be further analyzed in 
the future. 
 
• Fusion deposition modeling of prototype 
o The manufacture of a prototype should be done to get a hands-on look at the 
aircraft. The manufacture of a prototype was planned for this project however due 
to school closures FDM was not possible. 
 
• Design of small details 
o A higher-level approach was taken regarding the CAD. Detailed welds and 
fasteners were not selected or modeled to allow for more focus to be put on the 




o The unique environment of Titan and the fact that the design would be performed 
on Earth necessitates that testing be performed to evaluate the performance of the 
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Appendix C: Reflections 
January 
Taking on a non-sponsored industry project allowed for us to develop our own 
requirements. An industry project would’ve been a less risky option; however, the uniqueness of 
the proposed project provided its own benefits and has seemingly given us more motivation to 
delve into the project. The proposal went well so we're looking forward to continuing to flesh out 
the project. We're also looking forward to the unique environment in which our design will operate.  
February  
The CAD that we've done on previous projects has proved how useful the experience was. 
The CAD process has gone unhindered. We talked to Doctor Goyal to see about our material 
selections and what he may recommend. He made some good recommendations regarding titanium 
and contacted a friend of his who works at the Kennedy Space Center to corroborate. It was nice 
having recommendations from people who are in the aero and astro industries. The technicalities 
of the project are clear now that more research has been done into the environmental effects of the 
Titan environment. 
It was necessary to spend a meeting collaborating and brainstorming the design. Using a 
whiteboard and just laying everything out was helpful. We were able combine different aspects of 
the design and pick and choose configurations based on our discussion of what was on the board. 
We hope to take this brainstorming technique into the industry as it solidified the design concept 
that we’re beginning to iterate on. 
March 
Progress on the project continues; however, the coronavirus pandemic has caused some 
delays and new obstacles to overcome. We are evaluating what changes need to be made to the 
project to allow for our minimum success criteria to be met. The major analysis of the project has 
been completed but we’ve run into some issues with the computational fluid dynamics due to the 
mixture ratios of the atmospheric components. 
April 
Class has moved fully online in lieu of the novel coronavirus pandemic. The process has 
taken some getting used to as each class for the most part is using different platforms such as 
Teams or Collaborate. We were able to utilize the Collaborate software after looking over all of 
its features and have continued to discover new things. Without being able to meet up in person 
the dynamic within the team has changed regarding how we work and collaborate. Teams has been 
useful and simple to use so our meetings have remained consistent although the in-person benefits 






Appendix D: Problem Solving for Solutions 
 
Extreme temperature Environment 
The environment of 
Titan is extremely 
cold at 179.45 
degrees Celsius 
(Horst). The 
properties of many 
materials changes in 
those kinds of 
conditions and so 
close attention 






electronics in cold 
conditions (insert 
lithium ion citation). 
• Specific Thermodynamic 
and heat transfer 
calculation can be carried 
by all members of the 
team. 
• Simulations and FEA 
analysis background 
• Members of the team do not 
specialize in the field, thus 
prone to errors 
• Limited background in the 
specific internal electronic 
components and its 
requirements 
• Helpful peer-reviewed 
resources in the field. 
• Analysis and simulation 
referred to the actual 
performance of the 
material 
• Faculty and external help 
• Regulatory Body (NASA) 
provides solution 
background in such some 
cases 
• Software for specialized 
simulations and analysis  
• Actual environment of the 
target mission could vary or 
not be fully defined 
• Materials for this kind of use 
are expensive and the 
performance sometimes vary 
(based on different factors) 
• Different components will 
require different temperature 
properties 
• Pick materials to withstand different environment and be flexible in the performance and 
follow NASA recommendations  
• Perform different analysis and test on different materials to see its thermodynamic 
performance in each part of the design  
Figure 52: Extreme Temperature Environment SWOT 
Far away and low visibility 
Titan is 
approximately 
759,000 miles away 
from earth (insert 
citation). This poses 
difficulties in 
communicating with 
the UAS system. 
Also, because of a 
significant 
stratospheric haze 
layer, visuals from 
orbit are difficult. 
• Different design considerations can be 
carried by the team 
• Members do not 
know much about 
telecommunications 
so only general 
ideas can be given 
• Foreign bodies and orbiting satellites 
could help on research 
• Different components could be used 
to minimize haze in the surface (in 
case any) 
• Different research of 
telecommunications method from 
other satellites  
• Technology used 
for communications 





• Propose a communication from the UAS to a satellite and then back to earth. 
• Implement a design that allows for the direct communication from the UAS to earth 
Figure 53: Low Visibility SWOT 
 
Varying Environments 
There are a variety of 
environments on Titan. 
There are oceans, plains, 
and dune regions. Rain on 
the moon is composed of 
liquid methane, and some 
liquid are combinations of 
water with ammonia. The 
surface of titan is ice-VI. 
The UAS should be 
prepared for data 
recollection and to 
withstand the environment 
• Team can analyze data 
and develop plans 
• Team can design the 
UAS to withstand 
potential shortcomings  
•  
• Software allows for the 
simulation of the design 
under different 
conditions 
• Small simple test can be 
done (if necessary) 
• NASA and peer-
reviewed information is 
available  
• Different unprecedented 
conditions could 
compromise the design   
• Do iterative analysis of the components for a FEA for those environments 
• Test different materials in small environments similar to those of titan 
• Find a “one-fits-all” material that will not pose a challenge to the design  
Figure 54: Differing Environments SWOT 
Power Generation 
Power generation 
source should be 
meet the 
requirements of the 
UAS Rotor and be 
capable of providing 
enough energy for 
the overall onboard 
systems. Since very 
little sunlight makes 
it to the surface of 
Titan, solar power is 
not an option. 
Because the mission 
length should be 2 
years minimum, a 
long-term power 
generation system is 
required. 
• Team can do analysis in solar 
powered generation 
• A power estimation can be done 
accurately  
• Background in NASA 
technologies is limited 
for the team, more 
research is needed 
•  NASA already has a variety of 
systems to general power for 
satellites  
• Atmospheric environment will 
reduce power requirement 
• Solar power sunlight is 
not entirely available  
• NASA power generation 
systems could not be 
available  
• Mission time is important 
and one aspect that 
impacts design  
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• Use/consider MMRTG technology by NASA to provide power for the UAS 
• Consider new technologies from NASA and its research partners for a brand-new solution 
• Solar power generation can be considered but will require further analysis  
Figure 55: Power Generation SWOT 
 
Power Storage 
The duration of the 
mission should be 
long enough for 
accurate scientific 
readings, estimated 
at least 2 years and 
the power storage 
should be reliable 
for this kind of 
mission. The power 
storage will need to 
survive multiple 
cycles. 
• Design considerations can be 
carried out by the team 
following background 
information 
• Team does not specialize 
in this field 
• Background is very 
limited  
• Private companies offer 
different power storage methods 
• New technologies for power 
storage (Solid state battery) 
• Stress and use will 
decrease the performance 
of most power storage 
• The mission duration 
should be met  
• Use liquid electrolyte lithium ion batteries that NASA uses for other satellites and 
spacecrafts 
• No power storage can be considered if GET, inc. system can be proven to work for the 
model 
• Consider a Solid-state battery with all the analysis that it entails   
Figure 56: Power Storage SWOT 
 
Power Delivery 
The conversion of 
power from the RTG 
needs to be directed 
to the UAS power 
storage system in a 
reliable and feasible 
way without 
compromising the 
functionality of the 
main components. 
Several options can 
be considered. 
• Design considerations can be 
made (if necessary) by the team 
(wired, inductive) 
• Limited background into 
wireless systems 
charging  
•  Different materials can be used 
and considered in the design for 
the case of any power delivery 
system  
• Environment of Titan can 
compromise the 
performance of some 
systems  
• Use inductive power system that can work under the environment on titan 
• Use wire technology and analyze its viability 
• Consider wirelessly transmitted power following careful considerations and research 
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• Attach the power generation system to the design and perform different analysis and 
calculations based on the new parameters. 
Figure 57: Power Delivery SWOT 
 
Dimensional limits of design 
As the rocket fairing 
is compact, the UAS 
and the remaining 
power systems 
should fit without 
exceeding the 
dimensions of the 
fairing. (Considered 
Atlas 5 411/511). 
• Different design dimension 
considerations could be 
analyzed by the team 
• Team can minimize the 
dimension by keeping the 
overall performance unchanged 
• Team does not actually 
know much about 
launching facilities  
•  Different software will help the 
different analysis that the team 
wants to do 
• NASA and other private 
companies offer a different 
variety of fearing that can be 
used 
• Design process could be 
tedious if dimensions is 
not defined 
• Actual allowable size 
depends on many factors 
• Restrains in the fearing 
can make the process 
difficult 
• Design a UAS that is compact enough with the less moving parts possible  
• Design the UAS as an entire foldable wing design that can fit into any fearing at the 
expense of more moving parts and prone to failure 




Appendix E: MATLAB Code 
E.1 Rotor Aerodynamics 
clear; clc; 
  
cl=0.6374; % Lift coefficient 
c=0.12; % Chord length 
rho=5.39; % Atmospheric density (kg/m^3) 
B=(rho*c*cl)/2; % Constant 
vh=7.964; % Induced velocity (m/s) 
yf=0.3; % Rotor blade length 
w=170; % Angular velocity (rad/s)  
W=228; % Aircraft weight (N) 
Wi=W/4; % Aircraft weight (N) 
Nb=3; % Number of blades 
delta=1.4; % specific heat ratio 
Ru=8.314; % Universal gas constant 
T=93.4; % Atmospheric temperature (Kelvin) 
M=23; % Molar mass (...) 
a=sqrt((delta*Ru*T)/(M/1000)); % Speed of sound (m/s) 
  
L=(B*yf*vh^2)+(B*yf^3*w^2)/3 % Lift (N) 
T=L*Nb % Thrust produced by rotor (N) 
 
 
E.2: Battery Count Determination and Power Required to Hover 

























    Eb=0;Ereq=1; 
    nb=0; 
    while Eb<Ereq 
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        nb=nb+1; 
        Eb=24.8*nb; 
        Wb=(mb*g)*nb; 
  
        W=Wac+Wb; 
        Wi=W/4; 
  
        k=1.15; 
        rho=5.39; 
        A=pi*R^2; 
        Nb=3; 
         
        Vtip=w*R; 
        CTi=Wi/(rho*A*Vtip^2); 
        sig=(Nb*c)/(pi*R); 
        Cpo=(sig*Cdo)/8; 
        Pi=(Wi^(3/2))/sqrt(2*rho*A); 
        Pia=k*Pi; 
        Cpi=CTi^(3/2)/sqrt(2); 
        Cpia=Cpi*k; 
        Po=rho*A*(Vtip^3)*Cpo; 
        Preqi=(Pia+Po)/1000; % Kilowatts 
        FMi=Cpi/(Cpia+Cpo); 
        Preq=(4*Preqi); % Kilowatts 
        FMt=4*FMi; 
        Ereq=Preq*1000*hr; 
    end 
    nb1(1,w)=nb; 






    Vtip=w*R; 
    cl=0.6374; 
    c=0.12; 
    rho=5.39; 
    B=(rho*c*cl)/2; 
    Wi=W1(1,w)/4; 
    vh=sqrt(Wi/(2*rho*A)) 
    Nb=3; 
    delta=1.4; 
    Ru=8.314; 
    T=93.4; 
    a=sqrt((delta*Ru*T)/(M/1000)); 
    L=(B*R*vh^2)+((B*(R^3)*(w^2))/3); 
    T=L*Nb; 
  
    pass=1; 
    fail=0; 
  
    if T>=Wi && Vtip<a 
        TCheck(1,w)=pass; 
    elseif T<Wi || Vtip>=a 
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        TCheck(1,w)=fail; 











    Eb=0;Ereq=1; 
    nb=0; 
    while Eb<Ereq 
        nb=nb+1; 
        Eb=24.8*nb; 
        Wb=(mb*g)*nb; 
  
        W=Wac+Wb; 
        Wi=W/4; 
  
        k=1.15; 
        rho=5.39; 
        A=pi*R^2; 
        Nb=3; 
         
        Vtip=w*R; 
        CTi=Wi/(rho*A*Vtip^2); 
        sig=(Nb*c)/(pi*R); 
        Cpo=(sig*Cdo)/8; 
        Pi=(Wi^(3/2))/sqrt(2*rho*A); 
        Pia=k*Pi; 
        Cpi=CTi^(3/2)/sqrt(2); 
        Cpia=Cpi*k; 
        Po=rho*A*(Vtip^3)*Cpo; 
        Preqi=(Pia+Po)/1000; % Kilowatts 
        FMi=Cpi/(Cpia+Cpo); 
        Preq=(4*Preqi); % Kilowatts 
        FMt=4*FMi; 
        Ereq=Preq*1000*hr; 
    end 
    nb2(1,w)=nb; 






    Vtip=w*R; 
    cl=0.6374; 
    c=0.12; 
    rho=5.39; 
    B=(rho*c*cl)/2; 
    Wi=W2(1,w)/4; 
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    vh=sqrt(Wi/(2*rho*A)); 
    Nb=3; 
    delta=1.4; 
    Ru=8.314; 
    T=93.4; 
    a=sqrt((delta*Ru*T)/(M/1000)); 
    L=(B*R*vh^2)+(B*R^3*w^2)/3; 
    T=L*Nb; 
  
    pass=1; 
    fail=0; 
  
    if T>=Wi && Vtip<a 
        TCheck(1,w)=pass; 
    elseif T<Wi || Vtip>=a 
        TCheck(1,w)=fail; 











    Eb=1;Ereq=2; 
    nb=0; 
    while Eb<Ereq 
        nb=nb+1; 
        Eb=24.8*nb; 
        Wb=(mb*g)*nb; 
  
        W=Wac+Wb; 
        Wi=W/4; 
  
        k=1.15; 
        rho=5.39; 
        A=pi*R^2; 
        Nb=3; 
         
        Vtip=w*R; 
        CTi=Wi/(rho*A*Vtip^2); 
        sig=(Nb*c)/(pi*R); 
        Cpo=(sig*Cdo)/8; 
        Pi=(Wi^(3/2))/sqrt(2*rho*A); 
        Pia=k*Pi; 
        Cpi=CTi^(3/2)/sqrt(2); 
        Cpia=Cpi*k; 
        Po=rho*A*(Vtip^3)*Cpo; 
        Preqi=(Pia+Po)/1000; % Kilowatts 
        FMi=Cpi/(Cpia+Cpo); 
        Preq=(4*Preqi); % Kilowatts 
        FMt=4*FMi; 
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        Ereq=Preq*1000*hr; 
    end 
    nb3(1,w)=nb; 






    Vtip=w*R; 
    cl=0.6374; 
    c=0.12; 
    rho=5.39; 
    B=(rho*c*cl)/2; 
    Wi=W3(1,w)/4; 
    vh=sqrt(Wi/(2*rho*A)) 
    Nb=3; 
    delta=1.4; 
    Ru=8.314; 
    T=93.4; 
    a=sqrt((delta*Ru*T)/(M/1000)); 
    L=(B*R*vh^2)+(B*R^3*w^2)/3; 
    T=L*Nb; 
  
    pass=1; 
    fail=0; 
  
    if T>=Wi && Vtip<a 
        TCheck(1,w)=pass; 
    elseif T<Wi || Vtip>=a 
        TCheck(1,w)=fail; 












    Eb=1;Ereq=2; 
    nb=0; 
    while Eb<Ereq 
        nb=nb+1; 
        Eb=24.8*nb; 
        Wb=(mb*g)*nb; 
  
        W=Wac+Wb; 
        Wi=W/4; 
  
        k=1.15; 
        rho=5.39; 
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        A=pi*R^2; 
        Nb=3; 
         
        Vtip=w*R; 
        CTi=Wi/(rho*A*Vtip^2); 
        sig=(Nb*c)/(pi*R); 
        Cpo=(sig*Cdo)/8; 
        Pi=(Wi^(3/2))/sqrt(2*rho*A); 
        Pia=k*Pi; 
        Cpi=CTi^(3/2)/sqrt(2); 
        Cpia=Cpi*k; 
        Po=rho*A*(Vtip^3)*Cpo; 
        Preqi=(Pia+Po)/1000; % Kilowatts 
        FMi=Cpi/(Cpia+Cpo); 
        Preq=(4*Preqi); % Kilowatts 
        FMt=4*FMi; 
        Ereq=Preq*1000*hr; 
    end 
    nb4(1,w)=nb; 






    Vtip=w*R; 
    cl=0.6374; 
    c=0.12; 
    rho=5.39; 
    B=(rho*c*cl)/2; 
    Wi=W3(1,w)/4; 
    vh=sqrt(Wi/(2*rho*A)) 
    Nb=3; 
    delta=1.4; 
    Ru=8.314; 
    T=93.4; 
    a=sqrt((delta*Ru*T)/(M/1000)); 
    L=(B*R*vh^2)+(B*R^3*w^2)/3; 
    T=L*Nb; 
  
    pass=1; 
    fail=0; 
  
    if T>=Wi && Vtip<a 
        TCheck(1,w)=pass; 
    elseif T<Wi || Vtip>=a 
        TCheck(1,w)=fail; 














    Eb=1;Ereq=2; 
    nb=0 
    while Eb<Ereq 
        nb=nb+1; 
        Eb=24.8*nb; 
        Wb=(mb*g)*nb; 
  
        W=Wac+Wb; 
        Wi=W/4; 
  
        k=1.15; 
        rho=5.39; 
        A=pi*R^2; 
        Nb=3; 
         
        Vtip=w*R; 
        CTi=Wi/(rho*A*Vtip^2); 
        sig=(Nb*c)/(pi*R); 
        Cpo=(sig*Cdo)/8; 
        Pi=(Wi^(3/2))/sqrt(2*rho*A); 
        Pia=k*Pi; 
        Cpi=CTi^(3/2)/sqrt(2); 
        Cpia=Cpi*k; 
        Po=rho*A*(Vtip^3)*Cpo; 
        Preqi=(Pia+Po)/1000; % Kilowatts 
        FMi=Cpi/(Cpia+Cpo); 
        Preq=(4*Preqi); % Kilowatts 
        FMt=4*FMi; 
        Ereq=Preq*1000*hr; 
    end 
    nb5(1,w)=nb; 






    Vtip=w*R; 
    cl=0.6374; 
    c=0.12; 
    rho=5.39; 
    B=(rho*c*cl)/2; 
    Wi=W3(1,w)/4; 
    vh=sqrt(Wi/(2*rho*A)); 
    Nb=3; 
    delta=1.4; 
    Ru=8.314; 
    T=93.4; 
    a=sqrt((delta*Ru*T)/(M/1000)); 
    L=(B*R*vh^2)+(B*R^3*w^2)/3; 




    pass=1; 
    fail=0; 
  
    if T>=Wi && Vtip<a 
        TCheck(1,w)=pass; 
    elseif T<Wi || Vtip>=a 
        TCheck(1,w)=fail; 












    Eb=1;Ereq=2; 
    nb=0 
    while Eb<Ereq 
        nb=nb+1; 
        Eb=24.8*nb; 
        Wb=(mb*g)*nb; 
  
        W=Wac+Wb; 
        Wi=W/4; 
  
        k=1.15; 
        rho=5.39; 
        A=pi*R^2; 
        Nb=3; 
         
        Vtip=w*R; 
        CTi=Wi/(rho*A*Vtip^2); 
        sig=(Nb*c)/(pi*R); 
        Cpo=(sig*Cdo)/8; 
        Pi=(Wi^(3/2))/sqrt(2*rho*A); 
        Pia=k*Pi; 
        Cpi=CTi^(3/2)/sqrt(2); 
        Cpia=Cpi*k; 
        Po=rho*A*(Vtip^3)*Cpo; 
        Preqi=(Pia+Po)/1000; % Kilowatts 
        FMi=Cpi/(Cpia+Cpo); 
        Preq=(4*Preqi); % Kilowatts 
        FMt=4*FMi; 
        Ereq=Preq*1000*hr; 
    end 
    nb6(1,w)=nb; 








    Vtip=w*R; 
    cl=0.6374; 
    c=0.12; 
    rho=5.39; 
    B=(rho*c*cl)/2; 
    Wi=W3(1,w)/4; 
    vh=sqrt(Wi/(2*rho*A)) 
    Nb=3; 
    delta=1.4; 
    Ru=8.314; 
    T=93.4; 
    a=sqrt((delta*Ru*T)/(M/1000)); 
    L=(B*R*vh^2)+(B*R^3*w^2)/3; 
    T=L*Nb; 
  
    pass=1; 
    fail=0; 
  
    if T>=Wi && Vtip<a 
        TCheck(1,w)=pass; 
    elseif T<Wi || Vtip>=a 
        TCheck(1,w)=fail; 












    Eb=1;Ereq=2; 
    nb=0 
    while Eb<Ereq 
        nb=nb+1; 
        Eb=24.8*nb; 
        Wb=(mb*g)*nb; 
  
        W=Wac+Wb; 
        Wi=W/4; 
  
        k=1.15; 
        rho=5.39; 
        A=pi*R^2; 
        Nb=3; 
         
        Vtip=w*R; 
        CTi=Wi/(rho*A*Vtip^2); 
        sig=(Nb*c)/(pi*R); 
        Cpo=(sig*Cdo)/8; 
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        Pi=(Wi^(3/2))/sqrt(2*rho*A); 
        Pia=k*Pi; 
        Cpi=CTi^(3/2)/sqrt(2); 
        Cpia=Cpi*k; 
        Po=rho*A*(Vtip^3)*Cpo; 
        Preqi=(Pia+Po)/1000; % Kilowatts 
        FMi=Cpi/(Cpia+Cpo); 
        Preq=(4*Preqi); % Kilowatts 
        FMt=4*FMi; 
        Ereq=Preq*1000*hr; 
    end 
    nb7(1,w)=nb; 






    Vtip=w*R; 
    cl=0.6374; 
    c=0.12; 
    rho=5.39; 
    B=(rho*c*cl)/2; 
    Wi=W3(1,w)/4; 
    vh=sqrt(Wi/(2*rho*A)); 
    Nb=3; 
    delta=1.4; 
    Ru=8.314; 
    T=93.4; 
    a=sqrt((delta*Ru*T)/(M/1000)); 
    L=(B*R*vh^2)+(B*R^3*w^2)/3; 
    T=L*Nb; 
  
    pass=1; 
    fail=0; 
  
    if T>=Wi && Vtip<a 
        TCheck(1,w)=pass; 
    elseif T<Wi || Vtip>=a 
        TCheck(1,w)=fail; 












    Eb=1;Ereq=2; 
    nb=0 
    while Eb<Ereq 
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        nb=nb+1; 
        Eb=24.8*nb; 
        Wb=(mb*g)*nb; 
  
        W=Wac+Wb; 
        Wi=W/4; 
  
        k=1.15; 
        rho=5.39; 
        A=pi*R^2; 
        Nb=3; 
         
        Vtip=w*R; 
        CTi=Wi/(rho*A*Vtip^2); 
        sig=(Nb*c)/(pi*R); 
        Cpo=(sig*Cdo)/8; 
        Pi=(Wi^(3/2))/sqrt(2*rho*A); 
        Pia=k*Pi; 
        Cpi=CTi^(3/2)/sqrt(2); 
        Cpia=Cpi*k; 
        Po=rho*A*(Vtip^3)*Cpo; 
        Preqi=(Pia+Po)/1000; % Kilowatts 
        FMi=Cpi/(Cpia+Cpo); 
        Preq=(4*Preqi); % Kilowatts 
        FMt=4*FMi; 
        Ereq=Preq*1000*hr; 
    end 
    nb8(1,w)=nb; 






    Vtip=w*R; 
    cl=0.6374; 
    c=0.12; 
    rho=5.39; 
    B=(rho*c*cl)/2; 
    Wi=W3(1,w)/4; 
    vh=sqrt(Wi/(2*rho*A)); 
    Nb=3; 
    delta=1.4; 
    Ru=8.314; 
    T=93.4; 
    a=sqrt((delta*Ru*T)/(M/1000)); 
    L=(B*R*vh^2)+(B*R^3*w^2)/3; 
    T=L*Nb; 
  
    pass=1; 
    fail=0; 
  
    if T>=Wi && Vtip<a 
        TCheck(1,w)=pass; 
    elseif T<Wi || Vtip>=a 
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        TCheck(1,w)=fail; 













xlabel('Rotational Speed (rad/s)'); 
ylabel('Battery Count'); 
legend('R=0.1','R=0.2','R=0.3','R=0.4','R=0.5','R=0.6','R=0.7','R=0.8'); 
title('Battery Count vs Rotational Speed'); 
grid on; 











R=[0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8]; 




xlabel('Rotor Radius (meters)') 
ylabel('Number of Batteries') 
title('Actual Battery Count vs Rotor Radius') 





xlabel('Rotor Radius (meters)') 
ylabel('Minimum Weight for Hover') 
title('Aircraft + Battery Weight vs Rotor Radius') 





xlabel('Rotational Speed (rad/s)'); 






axis([0 600 0 2]) 




title('R = 0.1m') 
xlabel('Angular Velocity (rad/s)') 




title('R = 0.2m') 
xlabel('Angular Velocity (rad/s)') 




title('R = 0.3m') 
xlabel('Angular Velocity (rad/s)') 




title('R = 0.4m') 
xlabel('Angular Velocity (rad/s)') 




title('R = 0.5m') 
xlabel('Angular Velocity (rad/s)') 




title('R = 0.6m') 
xlabel('Angular Velocity (rad/s)') 




title('R = 0.7m') 
xlabel('Angular Velocity (rad/s)') 




title('R = 0.8m') 
xlabel('Angular Velocity (rad/s)') 









title('Battery Count vs Rotational Speed'); 
grid on; 
axis([0 150 0 100]) 
print('Battery Count vs Rotational Speed Zoomed','-dpng'); 
 
 
E.3 Climb Power Required 
clear; clc; 
  
%% Universal Power Curve 
vh=7.964; % Induced velocity (m/s) 
Vc=1:100; % Climb velocity (m/s) 
Vce=Vc(end);  
P=zeros(1,Vce); % Power required 
Vvh=zeros(1,Vce); % Climb velocity ratio 
Ph=2677; % Power required to hover (watts) 
  
for Vc=1:Vce; 
    Vvhi=Vc/vh; 
    if Vvhi>=0 
        Pi=Ph*((Vc/(2*vh))+sqrt((Vc/(2*vh))^2+1)); % Power required to climb 
(watts) 
    elseif Vvhi<-2 && Vvhi>0 
        Pi=1; 
    elseif Vvhi<=-2 
        Pi=Ph*((Vc/(2*vh))-sqrt((Vc/(2*vh))^2-1));   
    end 
    P(1,Vc)=Pi; 







xlabel('Climb Velocity Ratio (Vc/vh)') 
ylabel('Power Ratio (P/Ph)') 
title('Universal Power Curve') 
print('Universal Power Curve','-djpeg') 
  




ylabel('Power Required (Watts)') 
title('Power Required to Climb') 
print('Power Required to Climb','-djpeg') 
  
%% Power vs Time to Cruise Altitude 
hl=1828.8; % Lower altitude in meters 








ylabel('Power Required (Watts)') 
xlabel('Climb Duration (hours)') 
title('Duration to Cruise Altitude') 





ylabel('Power Required (Watts)') 
title('Power Required to Climb') 
print('Power Required to Climb','-djpeg') 
  





legend('Lower Altitude Bound','Upper Altitude Bound') 
xlabel('Vc (m/s)') 
ylabel('Energy Required (Joules)') 
title('Energy Required to Climb') 






legend('Lower Altitude Bound','Upper Altitude Bound') 
xlabel('Vc (m/s)') 
ylabel('Energy Required (Whr)') 
title('Energy Required to Climb (Whr)') 






legend('Lower Altitude Bound','Upper Altitude Bound') 
xlabel('Vc (m/s)') 
ylabel('Batteries Required') 
title('Batteries Required to Climb') 
print('Batteries Required to Climb','-djpeg') 
 
E.4 Prop Power Required 
clear; clc; 
  
cl=0.6997; % Lift coefficient 
c=0.06; % Chord length 
rho=5.39; % Atmospheric density (kg/m^3) 
  
yf=0.5; % Rotor blade length 
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W=228; % Aircraft weight (N) 
g=1.354 % gravity 
m=W/g % mass 
Nb=3; % Number of blades 
delta=1.4; % specific heat ratio 
Ru=8.314; % Universal gas constant 
T=93.4; % Atmospheric temperature (Kelvin) 
M=27; % Molar mass (...) 
a=sqrt((delta*Ru*T)/(M/1000)); % Speed of sound (m/s) 










E.5 Fixed Wing Aerodynamics 
clear; clc; 
  
%% Zero angle of attack 
% Vertical location is high wing 
% Should include dihedral 
% Boom mounted box tail 
W=228; % Aircraft weight in newtons (N) 
rho=5.69; % Atmospheric density at ground level (kg/m^3) 
alpha=0; 
V=10; % Velocity of aircraft 
q=0.5*rho*V^2; % Dynamic pressure 
b=1.12; % Wingspan in meters % 1.12  meters 
c=0.22; % Chord length in meters  
S=b*c; % Projected area .52^2 for half (m^2) 
CL=1.037; % Lift coefficient 
CLmax=2.75; 
CD=0.0252; % Drag coefficient 
L=q*S*CL; % Lift 
Df=9.97; % Fuselage drag 
Dw=q*S*CD; % Wing drag 
DT=Dw+Df; 
L2D=L/DT; % Lift to drag ratio 
WL=W/S; % Wing loading (N/m^2) 
AR=b^2/S; % Aspect Ratio 
T2Wc=1/L2D; % Thrust to weight during cruise 
% P2W= % power-to-weight 
Vst=sqrt((2*W)/(rho*S*CLmax)); % Stall speed (m/s) 
  





t12=45*60; t21=30*60; tL=15*60 
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t12hr=45/60; t21hr=30/60; tLhr=15/60 
R12=Vreq*t12; R21=Vreq*t21; RL=Vreq*tL; RT=R12+R21 
%% Power Required 
Work12=R12*DT; Work21=R21*DT; WorkT=Work12+Work21; WorkL=RL*DT 







E.6 Thermodynamics and Heat Transfer (Thermal Resistance Method) 
clear; clc; 
  
%% Thermodynamics and Heat Transfer 
%% Constants 
ti=0.005; % meters (thickness insulation) 
tm=0.005; 
As=0.44; % m^2 (Internal Surface Area) 
sb=5.67E-8; %J/m^2*s*K^4 (Stefan-Boltzmann Constant) 
ki= 0.010; % W/m-K (thermal conductivity) using aerogel 
  





%% Thickness Trade Study 
t=linspace(0.001,1,5000); % meters 






title('Insulation Thickness Trade Study') 
axis([0 0.2 0 200]) 
print('Thickness Variation Trade Study (Insulation)','-djpeg') 
  
  
%% Thermal Conductivity Trade 
t=0.005; % meters 
k=linspace(0.001,1,5000); % Thermal Conductivity 




xlabel('Thermal Conductivity (w/m-K)'); 
ylabel('Conduction (W)'); 
title('Thermal Conductivity Trade Study') 
print('Thermal Conductivity Trade Study','-djpeg') 
  
  




t=ti*n; % meters 





xlabel('Number of Layers (n)'); 
ylabel('Conduction (W)'); 
title('Number of Layers of Insulation Trade Study (t=5mm)'); 
print('Insulation Layer Trade Study (t=5mm)','-djpeg') 
  
%% Internal Temperature Trade Study 









xlabel('Temperature Difference (Kelvin)'); 
ylabel('Conduction (W)'); 
title('Internal Temperature Trade Study'); 
print('Internal Temperature Trade Study','-djpeg') 
  
%% Thermal Resistance Method for Cylinder 
T1=273 % Internal temperature 
T2=92 % External temperature 
ti=0.015 % Insulation thickness 
tm=0.005 % Fuselage wall  thickness 
ki=0.010 % Insulation thermal conductivity 
km=130 % Fuselage wall conductivity 
r1i=0.12-ti % Internal insulation radius 
r2i=0.12 % External insulation radius 
rm=0.12+tm % External fuselage radius 
L=1 % Fuselage length 
Rci=log(r2i/r1i)/(2*pi*L*ki) % Thermal resistance 
Rcm=log(rm/r2i)/(2*pi*L*km) % Fuselage wall thermal resistance 
Rtotal=Rci+Rcm % Total thermal resistance 
Q=(T1-T2)/Rtotal % Heat conduction 
  
%% Insulation Thickness Trade Study (Thermal Resistance Method) 
ti=linspace(0.001,0.100,5000); % meters 
T1=273; % Internal temperature 
T2=92; % External temperature 
tm=0.005; % Fuselage wall  thickness 
ki=0.010; % Insulation thermal conductivity 
km=130; % Fuselage wall conductivity 
r1i=0.12-ti; % Internal insulation radius 
r2i=0.12; % External insulation radius 
rm=0.12+tm; % External fuselage radius 
L=1; % Fuselage length 
Rci=log(r2i./r1i)./(2*pi*L*ki); % Thermal resistance 
Rcm=log(rm/r2i)./(2*pi*L*km); % Fuselage wall thermal resistance 
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Rtotal=Rci+Rcm; % Total thermal resistance 






title('Insulation Thickness Trade Study (Thermal Resistance)') 
print('Insulation Thickness Trade Study (Thermal Resistance))','-djpeg') 
  
%% Battery Temperature Range - Internal Temp Trade Study (Thermal Resistance 
Method) 
ti=0.020; % meters 
C=linspace(-35,60,1000); 
T1=273.15+C; % Internal temperature 
T2=92; % External temperature 
tm=0.005; % Fuselage wall  thickness 
ki=0.010; % Insulation thermal conductivity 
km=130; % Fuselage wall conductivity 
r1i=0.12-ti; % Internal insulation radius 
r2i=0.12; % External insulation radius 
rm=0.12+tm; % External fuselage radius 
L=1 % Fuselage length 
Rci=log(r2i/r1i)/(2*pi*L*ki); % Thermal resistance 
Rcm=log(rm/r2i)/(2*pi*L*km); % Fuselage wall thermal resistance 
Rtotal=Rci+Rcm; % Total thermal resistance 




xlabel('Internal Temperature (kelvin)'); 
ylabel('Conduction (W)'); 
title('Internal Temperature Trade Study (Thermal Resistance)') 
print('Internal Temperature Trade Study (Thermal Resistance))','-djpeg') 
 
Appendix F: Forward Flight Power Required 
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Appendix F: Battery Datasheet 
 




Figure 60: MP 176065 xlr Battery Data Sheet (Page 2) 
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Appendix G: Insulation Datasheet 
 









Appendix D: CAD Renders 
 
Figure 63: Full Assembly Render 
 




Figure 65: Full Assembly Top View 
